The generation of new oligodendrocytes is essential for adult brain repair in diseases such as multiple sclerosis. We previously identified the multifunctional p57kip2 protein as a negative regulator of myelinating glial cell differentiation and as an intrinsic switch of glial fate decision in adult neural stem cells (aNSCs). In oligodendroglial precursor cells (OPCs), p57kip2 protein nuclear exclusion was recently found to be rate limiting for differentiation to proceed. Furthermore, stimulation with mesenchymal stem cell (MSC)-derived factors enhanced oligodendrogenesis by yet unknown mechanisms. To elucidate this instructive interaction, we investigated to what degree MSC secreted factors are species dependent, whether hippocampal aNSCs respond equally well to such stimuli, whether apart from oligodendroglial differentiation also tissue integration and axonal wrapping can be promoted and whether the oligodendrogenic effect involved subcellular translocation of p57kip2. We found that CC1 positive oligodendrocytes within the hilus express nuclear p57kip2 protein and that MSC dependent stimulation of cultured hippocampal aNSCs was not accompanied by nuclear p57kip2 exclusion as observed for parenchymal OPCs after spontaneous differentiation. Stimulation with human MSC factors was observed to equally promote rat stem cell oligodendrogenesis, axonal wrapping and tissue integration. As forced nuclear shuttling of p57kip2 led to decreased CNPase-but elevated GFAP expression levels, this indicates heterogenic oligodendroglial mechanisms occurring between OPCs and aNSCs. We also show for the first time that dominant pro-oligodendroglial factors derived from human fetal MSCs can instruct human induced pluripotent stem cell-derived NSCs to differentiate into O4 positive oligodendrocytes.
| I N TR ODU C TI ON
Upon demyelination in the adult central nervous system (CNS) as observed in multiple sclerosis (MS), a certain degree of myelinating glial cell replacement and of de novo generation of myelin sheaths can be observed (Franklin, 2002) . Resident oligodendroglial precursor cells (OPCs) and adult neural stem cells (aNSCs) are the two major sources for myelin repair (Akkermann, Jadasz, Azim, & K€ ury, 2016) . The efficiency of this endogenous regeneration process remains limited due to the fact that these cells often fail in terminal maturation, most likely due to the presence of multiple differentiation inhibitors (de Castro, Bribian, & Ortega, 2013; Kremer, Aktas, Hartung, & K€ ury, 2011; Kuhlmann, Miron, Cui, Wegner, Antel, & Br€ uck, 2008) . Moreover, the oligodendrogenic potential of aNSCs of both neurogenic niches differs as mainly cells of the subventricular zone (SVZ) of the lateral ventricles were found to differentiate into oligodendrocytes (OLs) in demyelination animal models (Nait-Oumesmar, Picard-Riera, Kerninon, & BaronVan Evercooren, 2008; Picard-Riera et al., 2002; Xing et al., 2014) and in MS brain tissue (Nait-Oumesmar et al., 2007) . While aNSCs possess the capacity to differentiate into neurons, astrocytes and oligodendrocytes, evidence is missing that hippocampal stem cells generate oligodendrocytes (OLs) or OPC-like cells in vivo, unless genetically manipulated (Jadasz et al., 2012; Jessberger, Toni, Clemenson, Ray, & Gage, 2008; Rolando et al., 2016) . We previously discovered p57kip2 as a key negative regulator of oligodendroglial differentiation and acting as determinant of glial fate decision in aNSCs (Jadasz et al., 2012; Kremer et al., 2009) . Furthermore, p57kip2 protein translocation from nucleus to cytoplasm was recently observed to be a rate-limiting step in parenchymal OPC maturation (G€ ottle et al., 2015) , which raised the question whether a similar shuttling process is also essential for oligodendroglial fate specification in aNSCs.
Another efficient approach to promote oligodendrogenesis is by administering trophic factor cocktails such as secreted by bone marrow-derived mesenchymal stem cells (MSCs) (Kassis et al., 2008; Uccelli, Moretta, & Pistoia, 2008) . Both cell types, aNSCs as well as OPCs, were shown to respond to MSC-derived factors when grown in co-cultures or when supplied with conditioned media. For instance, the incubation of aNSCs with rat mesenchymal stem cell conditioned medium (MSC-CM) resulted in an increased percentage of oligodendrocyte cells (Rivera et al., 2006) and, furthermore, ameliorated and stabilized OPC maturation (Jadasz et al., 2013) . In vivo administration of human adult MSC-CM to the demyelinated CNS improved its recovery (Bai et al., 2012) and MSCs were found to modulate hippocampal stem cells into oligodendrocytes (Bai et al., 2009; Munoz, Stoutenger, Robinson, Spees, & Prockop, 2005; Rivera et al., 2006) . However, a number of questions regarding MSC-mediated specification of aNSCs and their oligodendroglial progeny remain unaddressed. Currently the identity of MSC-CM derived compounds as well as the underlying mode of action are unknown, which is of additional interest considering the observation that not all MSCs are able to potentiate oligodendroglial processes (Lindsay, Johnstone, McGrath, Mallinson, & Barnett, 2016; Lindsay et al., 2013) . Moreover, it is important to note that the majority of studies were performed with adult MSCs and it remains therefore to be shown whether the oligodendrogenic potential is restricted to adult cells or whether it strictly correlates with its bone (cell-) origin.
We present data which provides evidence that intrinsic oligodendroglial differentiation mechanisms of parenchymal precursor-and neural stem cells differ but that extrinsic (MSC-derived) stimuli are not restricted to specific stages or ages. Moreover, we show for the first time that also fetal human MSC-derived factors are equally potent in stimulating oligodendrogenesis and in preventing astrocyte formation and that they can potently instruct human induced pluripotent stem cell-derived NSCs. Our findings can thus contribute to the overall understanding of instructive stem/stem cell interactions and to the possible development of future myelin repair strategies.
| M A TE RI A L S A ND M E THOD S

| Adult rat mesenchymal stem cell culture
Preparation and culture of adult rat mesenchymal stem cells were performed according to previous descriptions (Jadasz et al., 2013) . Briefly, one 12-week old female Wistar rat was anesthetized using isoflurane (DeltaSelect, Langenfeld, Germany) and killed by decapitation. Femoral and tibial bones were separated from the body, exposed and cleaned from remaining tissue before femoral head and tibial plateau were cut off and bone marrow was flushed out into Minimum Essential Medium alpha Medium (a-MEM) (Gibco Cell Culture, Life Technologies, Germany) using a cannula. Bone marrow clumps were dissociated by repeated resuspension with the cannula and recovered by centrifugation at 800 g for 10 min. Cell pellets were resuspended in a-MEM containing 10% fetal bovine serum (FBS; PAN Biotech GmbH, Germany) and seeded at 1 3 10 6 cells/cm 2 in a humidified incubator at 378C with 5% CO 2 . After three days, adherent cells were further incubated in fresh a-MEM-10%FBS until 90-100% confluency was reached. To achieve a confluent monolayer after three days of incubation, 4 3 10 5 cells per 100 mm culture dish were seeded for cells from 10 week old rats. For experiments, a-MEM-10%FBS incubated for three to four days on rMSC populations was used as rat mesenchymal stem cell conditioned medium (MSC-CM) to stimulate adult neural stem cells after sterile filtration (20 mm filter).
| Adult rat neural stem cell culture and transfection
Preparation and culture methods of adult neural stem cells were conducted as previously described (Jadasz et al., 2012 (Gibco), 2 mM L-glutamine (Gibco), 100 U/ml penicillin/0.1 mg/l streptomycin (PAN Biotech, Aidenbach, Germany) and centrifugation at 200 g for 5 min, cells were resuspended in NB medium supplemented with 2 mg/ml heparin (Sigma-Aldrich, Taufkirchen, Germany), 20 ng/ml FGF-2 (R&D Systems, Wiesbaden-Nordenstadt, Germany) and 20 ng/ml EGF (R&D Systems). This protocol allows the cells, seeded at 7 3 10 4 cells/ml density, to form neuroshperes in uncoated T75 culture flasks at 378C in a humidified incubator with 5% CO 2 . Every two days medium was changed and adult neural stem cells were passaged once a week using accutase (PAA Laboratories) for separation (10 min at 378C). For experiments, cells were dispersed by an accutase step and plated on poly-L-ornithine/laminin (100 lg/ml and 5 lg/ml, Sigma-Aldrich) coated and acid-pretreated 13 mm glass cover slips For transplantation studies onto cerebral slice cultures, adult neural stem cells were transfected with pmaxGFP plasmid (LONZA) for visualization. To do so, accutase-dispersed NSCs from neurosphere cultures of passages three to nine were subjected to nucleofection of using a Lonza nucleofection device and the adult rat NSC nucleofector kit (Lonza, Basel, Switzerland). In detail, 2.5 3 10 6 cells were transfected using program A-033 (high-efficiency) resuspended in 100 ml nucleofection solution and 3.4 mg plasmid.
To modulate the expression of the p57kip2 gene in adult neural stem cells nucleofections were performed with overexpression constructs pIRES (empty vector control), pIRES-p57kip2 (wild type p57kip2) and pIRES-NLS (p57kip2 with mutated NLS sequence) as published previously (G€ ottle et al., 2015) . For visualization expression vectors were cotransfected with pmaxGFP (Lonza; a green fluorescent protein expression vector) at a ratio of 13.6:1.
| iPSC-derived NSC preparation
Human NSCs were derived from induced pluripotent stem cell (iPSC) lines that were previously generated from healthy neonatal foreskin fibroblasts (BJ line from ATCC) using episomal plasmids containing the reprogramming factors OCT4, KLF4, SOX2, c-MYc, NANOG, LIN28, and SVLT (Lorenz et al., 2017) . NSCs were induced following a small molecule-mediated protocol (Li et al., 2011 , ThermoFisher Scientific, Darmstadt, Germany) was added (8 ml for T175) and the dish was placed into the incubator (368C, 5%
CO 2 ) for 7 minutes. To stop the enzymatic reaction fresh a-MEM medium was added (20 ml in T175). The cell suspension was then placed into a 50 ml falcon tube and centrifuged (550 g, 7 min, room temperature). The supernatant was discarded and the resulting cell pellet was solved in 10 ml a-MEM for cell counting.
| Immunohistochemistry
After rats were deeply anesthetized and transcardially perfused using 4% paraformaldehyde (PFA), brains were extracted, postfixed in 4%
PFA for 24 hr and cryoprotected in 30% sucrose. Subsequently, brains were quick-frozen in 2358C to 2508C cold methylbutan. Brain slices (14 mm) were cut and stained according to standard protocols: rabbit anti-p57kip2 (1:250, SIGMA), mouse anti-GFAP (1:500, Millipore), mouse anti-adenomatous polyposis coli for olidoendrocytes (APC, CC1; 1:500, GeneTex), anti-mouse and anti-rabbit antibodies conjugated with either Alexa Fluor594 or Alexa Fluor488 (1:500, ThermoFisher Scientific, Darmstadt, Germany). The nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI, 1:100, Roche). Brain slices were mounted under fluoromount-G ® (SouthernBiotech) and analyzed using a confocal CLSM microscope (Zeiss, Jena, Germany).
| Immunocytochemistry
To evaluate marker expression, immuncytochemical analysis was performed as previously described (Jadasz et al., 2012 (Jadasz et al., , 2013 . Briefly, the cells were fixed for 10 min using 4% PFA and unspecific binding of We used GAPDH as reference gene, which proved to be the most accurate and stable normalization gene among a number of others such as ß-actin, ß-2-microglobulin, hydroxymethyl-bilane synthase, hypocanthine phosphoribosyl-transferase I, ribosomal protein LI3a, succinate dehydrogenase complex subunit A, TATA box binding protein, ubiquitin C, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta polypeptide as referenced in (Vandesompele et al., 2002) . Relative gene expression levels were determined according to the DDCt method (ThermoFisher Scientific, Darmstadt, Germany).
Each sample was measured in quadruplicate; data are shown as mean values 6 SEM.
| Slice culture preparation
For slice cultures Wistar rats of both sexes, aged between 7 and 10 days were used. Animals were anaesthetized with isoflurane before decapitation. Upon removal, the whole brain was transferred into a petri dish filled with ice cold HEPES buffered Ringer solution (135 mM NaCl, 5.4 mM KCl, 1 mM MgCl2 x6H2O, 1.8 mM CaClx2H2O, 5 mM HEPES, pH: 7.2). For the generation of cerebellar slices, the cortex was fixed with forceps while a parasagittal cut was made with a scalpel, chopping off one lateral edge of the cerebellum. Afterwards, the cerebellum was separated from the rest of the brain and carefully dried on a Whatman 
| Transplantation of adult neural stem cells on slice cultures
Before transplantation onto slices, NSCs were transfected with pmaxGFP to mark cells as described above. After transfection, a small pipette was used to transfer the cells into 10 ml of prewarmed NB all medium thereby omitting dead cell debris. After one centrifugation step, cells were resuspended in slice medium. Onto each tissue slice, prepared and transferred to membranes the day before, 2 3 10 5 cells in 5 ll slice medium were transplanted. At the same time, the medium was changed from slice medium to 50% slice medium/50% a-MEM as control condition or 50% slice medium/50% H37 MSC-CM. Slices with transplanted aNSCs and treated with control or MSC conditioned media were kept in culture for 4 days before fixation. Slices were once washed with PBS and fixed with 4% PFA for 15 minutes. To cover the whole slice with liquid, 1 ml was added underneath the membrane and 1 ml was added on top of the slice and the membrane. The slices were washed with PBS three times to remove remaining PFA. Each slice was then carefully cut out of the membrane with a scalpel and transferred to a wet chamber. To make the slice permeable for antibodies, they were incubated over night at 48C in permeabilization solution (0.5% Triton x-100 in PBS). Unspecific binding was then prevented by incubation in blocking solution (10% NGS, 1% BSA, 0.2% Triton x-100 in PBS) over night at 48C. Primary antibodies were diluted in antibody solution (1% NGS, 1% BSA, 0.1% Triton x-100 in PBS) and added to the slices over night at 48C at following concentrations:
mouse anti-MBP (1:500), rabbit anti-GFAP (1:1000). Secondary antibodies were diluted in the same antibody solution and added after the excess primary antibody had been washed off: goat anti-mouse Alexa 488
(1:500), goat anti-rabbit Alexa 488 (1:500), goat anti-rabbit Alexa 594
(1:500), goat anti-mouse Alexa 594 (1:500), goat anti-rabbit Alexa 647
(1:500). Secondary antibodies were also incubated over night at 48C and protected from light to avoid bleaching of the fluorescent dyes. After washing with PBS for three times, the slices were transferred to a microscope slide facing upwards. Slices were mounted with coverslips under Citifluor, secured by small drops of nail varnish and analyzed using the confocal laser scanning microscope 510 (CLSM 510, Zeiss, Jena, Germany). Z-stack pictures with a 203 magnification were collected and for analysis of transplanted cells, Z-stacks were fused to a maximum intensity Z-stack with Image J. For live cell imaging, transplanted aNSCs were photographed every ten minutes starting at time point 2 hr post-transfection/transplantation lasting up to 96 hr.
| Statistical analysis
Statistical analysis and graphs were performed using Excel and GraphPad Prism 5.0c software. To determine statistical significance, Student s t-test was applied for groups of two, one-way ANOVA with Bonferroni post-test for multiple comparisons was applied comparing three or more groups and two-way ANOVA with Bonferroni post-test for groups of three or four with different conditions/variables. Statistical significance thresholds were sat as follows: *p < .05; **p < .01; ***p < .001. All data are shown as mean values 6 SEM and "n" represents the number of independent experiments performed.
| R E SU LTS
3.1 | Heterogeneous subcellular localization of the p57kip2 protein in the hippocampal neurogenic niche of the adult brain
We examined p57kip2 protein localization in cells of adult neurogenic niche regions and applied immunohistofluorescent staining on sagittal brain sections of wild type rats. We placed emphasis on analyzing and comparing cells from corresponding areas of both neurogenic zones as others have shown that niche architecture and differentiating cells are both heterogeneous (Doetsch et al., 2002) . Therefore, day three as well as day seven displayed exclusive cytoplasmic p57kip2 signals, which is in strong contrast to the clear re-patterning that was observed during parenchymal OPC differentiation and myelination (G€ ottle et al., 2015) .
For functional assessment, we transfected aNSCs prior to MSC-CM stimulation with an expression vector that carries a p57kip2 variant with a mutated nuclear localization signal (NLS), confining it to the cytoplasm.
Overexpression of this mutant protein was shown to induce a dominant negative effect and to substantially promote parenchymal OPC differentiation, whereas the wild type protein (with sustained nuclear localization) blocked oligodendroglial maturation (G€ ottle et al., 2015) . aNSCs were transfected with either empty control vector (pIRES), the fulllength wild type p57kip2 overexpression construct (pIRES-p57kip2), or with the NLS mutant expression construct (pIRES-NLS) along with a Anti-CNPase and anti-GFAP stainings (h,i) showed that three days after p57kip2 overexpression and modulation of nuclear entry, the degree of CNPase positive cells significantly decreased in all treatments and that, concomitantly, the GFAP positivity increased. Asterisks indicate GFP positive cells devoid of CNPase or GFAP, arrows point to CNPase or GFAP expressing cells. Data are mean values 6 SEM derived from n 5 3-6 independent experiments. Statistical analysis: one-way ANOVA analysis of variance with Bonferroni s multiple comparison post-test, two-way ANOVA analysis of variance with Bonferroni post-test and students t-test (*p < .05; **p < .01; ***p < .001). Scale bars: 50 mm [Color figure can be viewed at wileyonlinelibrary.com]
| Human fetal mesenchymal stem cell secreted factors facilitate the oligodendroglial differentiation of adult neural stem cells
Reproduced observations on rat MSC activities promoting the generation of oligodendroglial cell derivatives from NSCs, prompted us to assess the oligodendroglial potential of supernatants derived from human MSC cultures. In xenoreactive approaches, human MSC-CM from different origins were reported to be limited in their repair capacity (Lindsay et al., 2013) . Therefore, in light of the recently discovered embryonic origin of adult neural stem cells (Furutachi et al., 2015) , we wondered whether human fetal MSCs were also able to direct and stimulate oligodendrocyte differentiation and to modulate intracellular distribution of the p57kip2 protein.
To answer this question, we included two different human fetal mesenchymal stem cell populations, termed H36 and H37 in our 
| Human iPSC-derived NSCs express Olig2 after stimulation with human fetal mesenchymal stem cell factors
In contrast to rat neural stem cells, human NSC differentiation into oligodendrocytes appears to be impaired and delayed indicating that research efforts should be dedicated to the derivation of improved new protocols for iPSC-derived oligodendrocyte generation. To study possible MSC dependent pro-oligodendroglial effects in a purely human system, i.e., responses of human neural stem cells following supply of human fetal mesenchymal stem cell secreted factors, we stimulated human iPSC-derived NSCs with H37 MSC-CM. After six days, human neural stem cells were fixed and stained using an anti- 
| D I SCUSSION
An appropriate description of the oligodendrogenic progeny of adult neural stem cells is essential to understand events leading to functional recovery in the injured or diseased CNS. Although respective determination and differentiation mechanisms are still unclear, there is increasing evidence that stem cell-derived OLs significantly contribute to myelin repair but also differ in their ability to remyelinate axons. As aNSC-derived OLs revealed different activation kinetics and thicker myelin sheaths in response to demyelination as compared with parenchymal-derived cells (Xing et al., 2014) , this suggests that a certain degree of heterogeneity among repair mediating cells may exist.
Conversely, aNSCs from the SGZ are primarily involved in the maintenance of neurogenesis (Goncalves, Schafer, & Gage, 2016; Spalding et al., 2013) and are therefore less likely to differentiate into OLs compared with SVZ-derived stem cells (Levison & Goldman, 1993) , further contributing to this heterogeneous picture. It is therefore of interest to identify the molecular basis of these differences and to describe their responses to intrinsic and extrinsic regulators previously shown to control stem cell dependent oligodendrogenesis.
We here demonstrate that the p57kip2 protein localization of CC1 positive cells within the subgranular stem cell niche differs from oligodendrogenesis cannot be enforced by expression of a mutant version of the p57kip2 protein that is restricted to the cytoplasm. We also found that a nonphysiological overexpression of wild type p57kip2
proteins (directed to the nucleus) blocks MSC dependent oligodendrogenesis and promotes the accumulation of astrocytic markers, which is in contrast to p57kip2 nuclear localization during parenchymal oligodendrogenesis. Furthermore, this suggests that a complete nuclear exclusion of the p57kip2 protein is not necessary for stem cells to generate a myelinating glial cell type, but that this process underlies a more complex space-and likely also time-dependent redistribution of p57kip2. These are likely cell autonomous differences and probably not related to the niche environment as SGZ cells maintain this feature ex vivo. Shuttling of CDK2, Hes5 and LIMK-1, which we found to bind p57kip2, appear therefore to be OPC specific (G€ ottle et al., 2015) while stem cell oligodendrogenesis relies on a different mechanism. A release of the inhibitory interaction between p57kip2 and Ascl1, which was found to drive differentiation of OLs (G€ ottle et al., 2015) , might also be valid in the stem cell context as overexpression of this transcription factor was previously shown to instruct oligodendrogenic differentiation in SGZ-derived aNSCs (Braun et al., 2015; Jessberger et al., 2008) .
It remains to be shown whether the p57kip2 inferred blockade of Ascl1's transactivation properties-given that this very mechanism is also valid in the stem cell context-can be released by means other than nuclear export, or whether the observed redistribution from nucleus to nucleus plus cytoplasm still results in a net release of Ascl1, sufficient to allow for oligodendrogenesis to proceed. Moreover, using stem cell specific protein/protein interaction assays, it will be of interest to identify the nature of aNSC specific binding proteins. Alternatively, Ascl1 might as well be blocked in aNSCs as it is a key regulator of hippocampal neurogenesis in CC1 positive cells that are still able to differentiate into neurons (Imura, Wang, Noda, Sofroniew, & Fushiki, 2010) . This could explain the observed and unexpected nuclear p57kip2 localization in CC1 positive cells in vivo and in MBP positive cells in vitro.
Besides the Ascl1 enforced oligodendrogenic program, we and others showed that hippocampal stem cells can efficiently be driven into oligodendroglial cells in the presence of MSC-derived trophic factors (Bai et al., 2009; Munoz et al., 2005; Rivera et al., 2006; Steffenhagen et al., 2012) . This is strong evidence that SGZ-derived aNSCs are capable of generating myelinating glia and that this process can be induced via exogenous stimulation. In a MSC stimulated environment, not only expression of oligodendroglial vs. astrocyte markers is tightly controlled, but also tissue integration as well as the myelin (wrapping) process are prominently enhanced. Whether the observed elongation of myelin sheath length is a consequence of rejuvenation by fetal factors or due to humanization by human factors remains to be addressed in future experiments. Studies have reported myelin sheath lengths of OL lineage cells and these were much shorter than those we measured after incubation with H36/37 (Bechler et al., 2015; Hamilton et al., 2017 ). This may have implications regarding the regeneration of lost myelin, e.g., in MS patients, as it might impact conduction velocity and/ or axonal support (Ford et al., 2015) . At later time points, the oligodendrocyte marker O4 (marked by arrows) became evident and was elevated upon H37 treatment after 14 days of incubation. Data are shown as mean 6 SEM and derived from n 5 3 independent experiments. Students t-test (*p < .05; **p < .01). Scale bars: 50 mm (c 00 , f 00 , j 00 ), 10 mm (i 0 , k 0 ) [Color figure can be viewed at wileyonlinelibrary.com] differentiation process taking 14 days for O4 expression, which is even more remarkable in light of the fact that the high serum content of the mesenchymal stem cell medium, used for conditioning, dominantly induces astrocyte features.
As MSC-CM was also shown to exert a positive effect on iPSCderived hepatoblast maturation (Takagi et al., 2016) , it can be speculated that pluripotent stem cells, once directed toward multipotency, may become sensitive to MSC factors. This observation is of particular interest in light of the development of future autologous stem cell therapies in that reprogramming fibroblasts from a single patient into both MSCs and NSCs could be used to generate OLs for exogenous supply.
Finally, also in the presence of dominant MSC-derived factors, the intracellular distribution of the p57kip2 protein was not changed as much as previously seen in maturing OPCs, with on-going nuclear presence and additional cytoplasmic signals to emerge. However, the fact that nuclear p57kip2 signals are more prominent in MBP positive cells at early time points leads to the assumption that it is mandatory for initiation phases of oligodendrogenesis as it changed to ubiquitous distribution after seven days. Nuclear accumulation of endogenous p57kip2
protein might exert such a function, which however, can be blocked upon nonphysiologic overexpression of wild type p57kip2 protein.
Moreover, the observation that the NLS mutant p57kip2 protein cannot dominantly instruct oligodendrogenic processes as clearly shown in parenchymal OPCs (G€ ottle et al., 2015) further indicates different functional or dose/subcellular localization specific roles among the two cell types. Hence, it is likely that in NSCs, oligodendrogenesis is regulated differently (Akkermann et al., 2016) or that mesenchymal secreted factors act by a different oligodendrogenic pathway. Of note, when parenchymal OPCs were treated with MSC-CM H37, cells previously shown to rapidly export the p57kip2 protein during spontaneous and chemokine driven differentiation (G€ ottle et al., 2015) , only weak or incomplete protein translocation or a generally reduced nuclear p57kip2 signal were observed (data not shown), indicating that mesenchymal cues employ different molecular mechanisms. Such mechanistic differences need to be addressed in upcoming investigations.
Such analyses will certainly also help identifying the secreted MSC factor cocktail acting on cell fate determination as well as on the promotion of oligodendroglial maturation along the different cellular stages. In addition, it must be assumed that anti-astrocytic components are also present and act in parallel. Contained factors are likely to influence glial transcription either in the sense of myelin gene induction or repression of oligodendroglial related inhibitory components (Kremer et al., 2011) or of pro-astrocytic regulators such as the non-DNA binding transcriptional regulators Id2 and Id4 (Jadasz et al., 2013; Rivera et al., 2006) . Of note, recent studies have addressed the role of some specific factors that might be secreted by MSCs such as insulin-like growth factor-1 (IGF-1), sonic hedgehog (SHH), transforming growth factor beta 1 (TGFß-1), vascular endothelial growth factor (VEGF), ciliary neurotrophic factor (CNTF) and hepatocyte growth factor (HGF) (Jadasz et al., 2013; Rivera et al., 2006 Rivera et al., , 2008 , which are also secreted by human MSCs (Chen, Tredget, Wu, & Wu, 2008; Lin et al., 2008; Razavi, Razavi, Zarkesh Esfahani, Kazemi, & Mostafavi, 2013) . However, none of them revealed to contribute to MSC-mediated oligodendrogenesis of adult neural stem cells (Rivera et al., 2006 (Rivera et al., , 2008 .
Previously reported differential IL-6 expression levels between human embryonic-and adult bone marrow stem cells (Wang et al., 2014) could also account for such differences and therefore be part of the active cocktail. Since experiments using single factors only revealed to be negative in terms of favoring oligodendrogenesis, cocktails of different factors should be considered for future aNSC dependent oligodendrogenesis assays. In this regard one has to appreciate that NSCs are not homogeneously distributed within the brain which could be the spatiotemporal basis for synergistic or subsequent trophic actions. In this way SHH and VEGF might be important for the initial migration step to colonize damaged areas before HGF, for example, may act as a OL developing factor (de Castro & Bribian, 2005) .
Finally, MSCs can also produce microRNAs (Chen et al., 2010) , which are packed and delivered via exosomes to target cells (Tomasoni et al., 2013) . Taking this signaling into account, one recent study compared microRNA levels of human olfactory mucosa-and bone-marrowderived mesenchymal stromal cells and revealed that miR-146-5p correlates with CXCL12 secretion and with its role in facilitating myelination (Lindsay et al., 2016) , as this chemokine was previously shown to be responsible for OPC maturation (G€ ottle et al., 2010) . Further studies
will show to what extent miR-146-5p/CXCL12 are part of the prooligodendroglial secretome.
Our findings unraveled a certain degree of heterogeneity among myelin repair mediating cells when it comes to intrinsic regulators and mechanisms but at the same time showed a remarkable stability of potent exogenous stimuli acting across species. Based on their immunomodulatory actions, systemic application of mesenchymal stem cells is currently under investigation in clinical trials Oh et al., 2015) . However, for a prospective biomedical translation, it would be desirable that active pro-oligodendrogenic and anti-astrocytic components are identified first and then applied specifically-a strategy to which our here described findings might contribute.
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